Ditercalinium is a synthetic anticancer drug that binds to DNA by bis-intercalation and activates DNA repair processes. In prokaryotes, noncovalent DNAditercalinium complexes are incorrectly recognized by the uvrABC repair system as covalent lesions on DNA. In eukaryotes, mitochondrial DNA is degraded by excess and futile DNA repair. Using x-ray crystallography, we have determined, to 1.7 A resolution, the three-dimensional structure of a complex of ditercalinium bound to the double-stranded DNA fragment [d(CGCG)J2. The DNA in the complex with ditercalinium is kinked (by 15') and severely unwound (by 36) with exceptionally wide major and minor grooves. Recognition of the DNA-ditercalinium complex by uvrABC in prokaryotes, and by mitochondrial DNA repair systems in eukaryotes, might be related to drug-induced distortion of the DNA helix. and length (7) of the linker. Furthermore, the drug is inactivated when the N-7 position, or to a lesser extent the C-6 position, is substituted with alkyl groups larger than methyl (8), or when the position of the nitrogen at the 7 position within the chromophore is altered (5).
DNA is a classical target for antibiotics and anticancer drugs. Drugs that bind to DNA and inhibit replication and transcription have found wide clinical use. Other aspects of DNA processing also constitute attractive targets for therapeutic agents. DNA repair systems are a relatively recent and almost unexplored area for therapeutic agents. Repair systems correct damage inflicted on DNA by incorrect synthesis, reactive chemical agents, ionizing radiation, and spontaneous reactions such as deamination of cytosine (1) . Recently, agents have been discovered that bind noncovalently to DNA but still activate DNA repair systems. Ditercalinium ( Fig. 1) , a 7H-pyridocarbazole dimer, is a synthetic anticancer drug that binds to DNA by bisintercalation and induces repair of DNA in both prokaryotic and eukaryotic cells (2) (3) (4) . The noncovalent complexes formed by ditercalinium with DNA are incorrectly recognized as covalent lesions by cellular repair systems. In Escherichia coli, the uvrABC system is known to efficiently repair a variety of covalent DNA adducts. However, the reversible nature of DNA-ditercalinium complexes enables the drug to dissociate from a uvrABC-DNA assembly and form another complex with the original target DNA. In an analogous fashion, mitochondrial DNA in ditercaliniumtreated eukaryotic cells is degraded by DNA repair. Thus repair of DNA-ditercalinium complexes is a futile process that continues endlessly. Treated eukaryotic cells repair themselves to death (4) . Ditercalinium exhibits a relatively new and unexpected mechanism of cell death with potential as a cancer treatment that is only now being explored.
As with other antitumor drugs that bind to DNA, minor chemical modifications of ditercalinium strongly influence biological activity. Strong antitumor activity is observed only when 7H-pyridocarbazoles are dimerized (5) . Other important factors include the position and hybridization of the nitrogen substituted with the linker (5, 6 ) and the rigidity (5) and length (7) of the linker. Furthermore, the drug is inactivated when the N-7 position, or to a lesser extent the C-6 position, is substituted with alkyl groups larger than methyl (8) , or when the position of the nitrogen at the 7 position within the chromophore is altered (5) .
To understand the mechanisms ofDNA repair induction by ditercalinium and why minor modifications of the drug result in dramatic changes in activity, we need to establish the details of how the drug interacts with and distorts DNA. Using x-ray crystallography, we have determined, to 1.7 A resolution, the three-dimensional structure of a complex of ditercalinium bound to the double-stranded DNA fragment [d(CGCG)h2. § A series of NMR studies of DNA-ditercalinium complexes by Roques and coworkers (9-13) has allowed us to compare those results with the x-ray structure described here. The three-dimensional structures of these DNA-drug complexes provide us with the potential to better understand the molecular basis offunction and recognition in DNA repair processes. The space group and cell parameters were determined from precession photographs. The DNA-ditercalinium complex crystallized in space group P41212 with unit cell dimensions a = 26.88 A and c = 82.60 A. X-ray diffraction data were collected at 00C on a Rigaku AFC5 rotating anode diffractometer in the w scan mode with CuKa radiation. Intensities were corrected for Lorentz, polarization, and absorption effects. A total of 2211 unique reflections with Fobs > 3.0cr(FobS), with 542 reflections between 2.0 and 1.7 A resolution, were included in the refinement. The strongest reflection (0 0 24) indicated that there were four DNAditercalinium complexes (with 24 planar groups, either base pairs or chromophores of ditercalinium) stacked 3.44 A apart along the c axis. The complexes thus occupy general positions with the asymmetric unit consisting of one DNA duplex and one ditercalinium molecule.
MATERIALS AND METHODS
Using the CpG intercalation step of the d(CGATCG)-Adriamycin (doxorubicin) complex (14) as a starting point, several models of the ditercalinium complex were constructed. Models were constructed with the ditercalinium linker in the major groove, or in the minor groove, or forming a network by connecting adjacent duplexes in the lattice. Using both ULTIMA (15) and the rotation/translation search routine of X-PLOR (16), models with the linker in the major groove resulted in the most favorable solutions. The two search programs gave the same solution, indicating the complex was located with its helical axis nearly coincident with the fourfold crystallographic screw axis.
The structure was refined with the Konnert-Hendrickson constrained least-squares refinement procedure (17) as modified for nucleic acids (18) . Fourier electron density (2Fob, -Fc,,c) and difference electron density (Fobs -F,,wc) maps were calculated and displayed on an Evans and Sutherland PS390 graphics terminal and manual manipulations of the models were performed with the program FRODO (19) . During the refinement, the piperidine rings were constrained to the more stable chair conformations and the linker was rebuilt to fit into electron density maps. Each ofthe two possible rotamers of the two piperidine rings was placed into electron density maps. However, certain aspects of the conformation of one end of the linker remained ambiguous, and parallel refinements converged to the same R factors. It is possible that one end of the linker is disordered within the crystal. The ambiguity is localized in only one of the piperidine rings (on the end of ditercalinium that is not marked with primes in the figures). The thermodynamically most stable rotamer, shown in Fig. 2 , was then selected. Water molecules were located from a series of difference electron density maps and were gradually added as the refinement progressed, resulting in a final R factor of 22.5%. The final asymmetric unit contains a complete [d(CGCG)]2 duplex, 1 ditercalinium molecule and 84 water molecules. The rms deviation from ideal bond lengths is 0.019 A.
RESULTS
In the x-ray structure of ditercalinium bound to [d(CGCG)h2, the ditercalinium molecule bis-intercalates at the two CpG steps of the DNA fragment (see Figs. 2 and 4) . The DNA retains an underwound, right-handed double-helical conformation with the linker of ditercalinium in the major groove as first shown by NMR (9-13). Although both the ditercalinium molecule and [d(CGCG)]2 have the potential to adopt twofold symmetry, the complex lacks symmetry in the x-ray structure. The conformation and DNA interactions of one half of the ditercalinium molecule are different from the other half.
The DNA in the complex with ditercalinium is kinked. This abrupt bend of =15°in the helical axis toward the minor groove is clearly observable in Fig. 2 . The kink appears to arise from a combination of several factors. First, torsional constraints of the linker prevent coplanarity of the two chromophores in the complex. Second, the large surface areas of the intercalated chromophores induce each base pair to be coplanar with the adjacent chromophore. Third, on the major groove side of the complex, the linker maintains an axial distance between the two chromophores (10. surface areas of the intercalated chromophores are shown schematically in Fig. 3 .
The DNA in the complex with ditercalinium is severely underwound. The helical twist is 220 at the first step, 300 at the second step, and 20°at the third step of the DNA tetramer. Compared to B-DNA, which averages a helical twist of 360 per step, the total extent of DNA unwinding is 36°i n the fragment of DNA complexed with ditercalinium. The helical unwinding is observable in the axial views of successive base-pair-chromophore steps and base-pair-base-pair steps (see Fig. 5 ).
The kinking and unwinding of the DNA is accompanied by broadening of both grooves. For example, in the ditercalinium complex the P4 to P8 distance (minus 5.8 A, the van der Waals radii of the phosphate groups) is 10.5 A, while the width of the minor groove of B-DNA, as indicated by distances between analogous phosphates, is 5.7 A. Similarly, in the ditercalinium complex the P2 to P6 distance (minus the van der Waals radii of the phosphate groups) is 14.0 A, while the width of the major groove of B-DNA, as indicated by distances between analogous phosphates, is 11.7 A.
The linker of ditercalinium is located in the major groove. Although certain conformational details of one of the pyridyl rings remains unclear in the electron density maps, it is clear that the conformation and DNA interactions ofone half of the linker are different from the other. The fixed half of the linker (marked with primes in Figs. 1 and 4) is located closer to the floor ofthe major groove than the disordered half. The proton of the piperidinic nitrogen (N-17') of the fixed ring is directed toward the floor of the major groove (Figs. 4 and SD) . This nitrogen forms what appears to be a bifurcated hydrogen bond, donating a proton simultaneously to both N-7 (2.95 A) and 0-6 (3.44 A) of residue G(6). The hydrogen bond pulls the end ofthe linker toward the floor ofthe major groove and swivels the chromophore approximately around the DNA helical axis such that the 0-10' methyl, which is located on the other end of this chromophore, protrudes out into the major groove (Fig. 5 D and E) .
Although the conformation of the second pyridyl ring may be disordered (two possible rotamers of the piperidine ring fit the density), it is clear that the piperidinic nitrogen (N-17) of this ring does not form hydrogen bonds to the DNA. At the current stage of refinement, this nitrogen is 4.81 A from the N-7 and 3.94 A from the 0-6 of residue G(2). Furthermore, the proton on N-17 appears to be directed out, away from the floor of the major groove. In comparison with the hydrogenbonded end of the linker, the absence of a hydrogen bond from N-17 to the G(2) C(7) base pair accompanies an increase in the distance between the linker and the base pair. This enables the 0-10 methyl, unlike the 0-10' methyl (described above), to stack on an adjacent cytosine base (Fig. SB) .
Ditercalinium bis-intercalates with the rigid linker in the major groove. The linker runs diagonally across the major groove such that the drug takes on the appearance of a backwards Z when viewed from the major groove (Figs. 4 and  6A) . The linker runs counter to the twist of the DNA helix. The long axis of each of the chromophores is oriented nearly parallel to those of the flanking base pairs. The indole N-7-H and N-7'-H groups of the chromophores of ditercalinium are directed out toward the minor groove and arejuxtaposed near the N-2 atoms ofguanines when viewing down the helical axis (Fig. 5) . The N-7 and N-7' atoms are flush with the floor of the minor groove and do not protrude into the groove. The view into the minor groove reveals the close mimicry of DNA base pairs by the drug molecule (Fig. 6B) . The N-7 and N-7' atoms of ditercalinium appear to simulate N-2 atoms of guanines or N-3 atoms of adenines.
In the first step, viewing roughly along the helical axis (Fig.  SA) , the cytosine base of C (1) is stacked directly on the pyridyl ring of the ditercalinium chromophore, while the guanosine base of G (8) is partially stacked on the indole and benzyl rings. In the second step, the guanine base of residue G(2) is nearly completely stacked on the pyridyl and benzyl rings, while the cytosine is only partially stacked on the 0-10 methyl group (Fig. 5B) . In the third step, the axial view (Fig.  SC) indicates good stacking ofthe C(3)-G(6) base pair with the G(2)-C(7) base pair. In the fourth step, the guanine base of G (6) is nearly completely stacked on the chromophore, while the complement cytosine base of C (3) is less well stacked (Fig. SD) . The 0-10' methyl of ditercalinium is unstacked and protrudes out into the major groove. In the fifth step (Fig.  5E) , the cytosine base of C (5) is nearly completely stacked on the chromophore although not as well as C(1), the other terminal cytosine (Fig. SA) . The guanine base of G (4) is less well stacked than the complementary cytosine. In the van der Waals representation, the gaps between the ditercalinium chromophores and the terminal C-G base pairs (Fig. 6) indicate that the shapes of ditercalinium and the intercalation cavity within the DNA fragment are not closely matched. DISCUSSION Ditercalinium is a synthetic bis-intercalator with high affinity for DNA and strong antitumor properties. We describe the Each atom ofthe DNA is dotted except the phosphorus atoms, which are marked by concentric circles. The DNA sugar-phosphodiester backbones are traced with a solid black line and the ditercalinium molecule is darkened. The N-17 atom of ditercalinium is shaded; the N-17' atom, which forms hydrogen bonds to the major groove of the DNA, is obscured. (B) The N-7 and N-7T atoms of ditercalinium and the N-2 atoms of guanines are shaded to illustrate the DNA-like hydrogen bond donor pattern of the minor groove of the DNAditercalinium complex.
three-dimensional x-ray structure of a DNA-ditercalinium complex, which is a substrate of a DNA repair system. X-ray structures of ditercalinium and other substrates of DNA repair systems will be increasingly important for understanding mechanisms of repair. Ditercalinium activates DNA repair processes in both prokaryotic and eukaryotic cells. In prokaryotes, the DNA complex of ditercalinium is incorrectly recognized by the uvrABC repair system as a covalent lesion on DNA. A diverse array of covalent damage to DNA is excised by the uvrABC repair system (reviewed in ref. 1). uvrABC excises pyrmidine dimers, 64 photoadducts, and chemical adducts of psoralen, cisplatin, mitomycin C, benz-
[a]pyrene, and other reactive chemicals. In general, the damage excised by uvrABC causes distortions of DNA. The diversity ofthe covalent damage excised by uvrABC suggests that the DNA distortions are recognized by uvrABC rather than intrinsic structural motifs of the adducts. However, not all DNA distortions are recognized. uvrABC does not repair mispaired bases, 06-methylguanine, or 3-methyladenine. To account for uvrABC recognition of such a diverse array of DNA lesions, it has been proposed (1) that uvrABC recognizes DNA kinks and binds to the face of the DNA that does not contain the adduct.
The DNA in the complex with ditercalinium is kinked (by 150) and severely unwound (by 360) with exceptionally wide major and minor grooves. If uvrABC does recognize kinked DNA and bind to the undamaged face, the repair system would recognize the DNA kink induced by ditercalinium and bind to the minor groove of the complex where the shape and hydrogen bonding pattern mimics that of normal (undamaged) DNA. The two chromophores of a ditercalinium molecule substitute for two DNA base pairs with the N-7 and N-7' atoms of ditercalinium replacing N-2 atoms of guanines or N-3 atoms of adenines. The loss of activity of certain 7-substituted analogues of ditercalinium could then result from loss of uvrABC binding within the minor groove where the complexes would differ significantly from the minor groove of DNA, both in shape and in arrangement of hydrogen bonding functionalities.
A series of NMR studies of DNA-ditercalinium complexes (9-13) allow comparison of those results with the x-ray structure described here. A detailed comparison of a threedimensional x-ray structure to an analogous NMR structure is impossible as the NMR data were not used to quantify interatomic distances. In general, NMR spectroscopy and x-ray crystallography are in many ways complementary techniques for the analysis of biological conformation. NMR Biochemistry: Gao et A has the advantage of making measurements in solution and can detect kinetic events on a biologically interesting time scale. X-ray crystallography has the disadvantage of requiring a crystal, which is frequently impossible to grow and sometimes yields a conformation which differs from that predominating in solution. However, fine structural details obtainable by x-ray but inaccessible by NMR may be necessary to understand macromolecular interactions.
Many of the characteristics of the x-ray structure of ditercalinium bound to [d(CGCG)h2 were predicted from the 'H and 31P NMR data. Ditercalinium was designed with a rigid linker to prevent intramolecular interactions (selfstacking between chromophores) that would compete with DNA binding and decrease DNA affinity. The NMR experiments demonstrated that ditercalinium bis-intercalates in right-handed [d(CGCG)J2 with the bases in the anti conformation and the linker of ditercalinium in the major groove.
Additional important features such as the kink in the helical axis, the details of the stacking interactions, especially the differences between the two chromophores, and the hydrogen bonds between the linker and the major groove were observed crystallographically but were not apparent from the NMR experiments. It is interesting that a molecular mechanics study (20) of ditercalinium bound to [d(CGCG)]2 did anticipate many aspects of the major groove hydrogen bonding scheme observed in the x-ray structure.
The positively charged nitrogens of ditercalinium are located near the floors of the major groove of the DNA. Favorable charge-charge interactions within the grooves of DNA appear to be an important factor in stability and conformation of complexes. The floors of the grooves are regions of DNA with the greatest electronegative potential (21) . X-ray crystallographic studies suggest that mono-and polyamines uniformly bind to DNA so that the positive charges reside near the floors of the major or minor grooves. Positive charge is located near the floors of the grooves in the three-dimensional crystal structures of DNA complexed with (i) intercalators that place positive charge in the major (22, 23) or in the minor groove (14, 24, 25) , (ii) minor groove binding compounds (26) , and (iii) spermine in the major groove of A-DNA (27) and in the major groove of DNA-anthracycline complexes (24) . Thus, placement of charged groups may be a primary consideration of designing agents that bind to DNA.
We would like to know which features of DNAditercalinium complexes activate DNA repair systems. The present structure leads to a number of suggestions but provides no firm answers. Could it be that the fixed 150 kink in the helical axis of the DNA-ditercalinium complex is similar to helical distortions resulting from covalent modifications? This is possible, but additional factors must be considered including other helical distortions and, in the minor groove, the unusual mimicry of base pairs by the chromophores of ditercalinium. We would hope to obtain answers to these questions by solving the crystal structures of DNA complexes of ditercalinium derivatives that do not induce DNA repair responses.
